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INTRODUCTION 
Powder metal (P/M) alloys and composites processed through the P/M route are 
emerging as potential materials for both commercial as well as advanced aerospace 
applications. These materials offer advantages of unique microstructures and near net shape 
manufacturing. Some high temperature materials such as intermetallic alloys and composites 
are difficult to process by traditional ingot metallurgy. Near net shape manufacturing using 
P/M processes has emerged as a promising method for manufacturing quality components 
out of these materials. 
ELASTIC PROPERTIES OF POWDER METAL ALLOYS AND COMPOSITES 
The importance of accurate characterization of elastic properties of these materials is 
accentuated as they become increasingly used in demanding applications. Elastic properties 
are invaluable to the design engineer in problems in load-deflection, thermoelastic stress and 
fracture mechanics. Furthermore, significant advances have been made recently in the use of 
computer techniques to model manufacturing processes. Such models require knowledge of 
elastic constants under loading conditions encountered during manufacturing. 
The elastic properties of P/M materials depend upon a number of parameters 
including porosity, pore distribution, pore shape and orientation, chemical composition and 
processing conditions [1,2]. Porosity, inherent in P/M components, affects the elastic 
properties substantially. Variations in pore structure causes anisotropy in elastic properties, 
an important feature which needs to be studied and characterized in these materials. 
Conventional methods of determining elastic constants involve stressing the 
component statically in tension, torsion, bending etc. and measuring the strain using 
strain gages. Such mechanical testing (static) techniques are widely used and standardized. 
However these techniques suffer from certain disadvantages. Static testing for elastic 
properties is time consuming, expensive and considerable sample preparation is required. 
Another problem with these techniques is that of measuring mechanical displacements with 
sufficient precision. Directionality of property and property variations within a material 
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cannot be easily measured using conventional techniques. Finally there are problems with 
gripping or loading of green (unsintered) powder compacts. Nondestructive techniques of 
determining dynamic elastic properties do not suffer from these disadvantages. 
This paper evaluates different techniques of nondestructive determination of dynamic 
elastic properties of P/M alloys. The results of such an evaluation are reported for tests 
performed on a ferrous powder metal alloys along with comparisons with published statically 
determined values [3]. The effects of porosity, pore anisotropy and powder type on the 
elastic properties are also presented. Finally, the potential of these techniques for real-time 
sensing and process control of powder metallurgical processes is addressed. 
EXPERIMENTAL TECHNIQUES 
Various techniques that were used in the testing program could be broadly grouped 
into two categories; ultrasonic and resonant frequency techniques. The resonant frequency 
techniques involve the measurement of the natural resonant frequencies of the test sample. 
These frequencies often lie in the audible range, hence such techniques are also called sonic 
techniques as opposed to ultrasonic techniques. The ultrasonic techniques are concerned with 
the measurement of longitudinal and shear wave velocities. Both categories of testing involve 
the basic wave equation for propagation of elastic waves in an elastic medium: 
(1) 
(2) 
where EL is the longitudinal modulus, p, the density, V L' the velocity of the longitudinal 
waves, f, the frequency and A. the wavelength. Ultrasonic velocity techniques of elastic 
property measurement utilize a form of equation 1, whereas resonant frequency techniques 
use a form of equation 2. To evaluate the effects of different techniques on the measured 
elastic moduli, several variations in the two main techniques were used. These are presented 
in detail in the following paragraphs. 
Resonant Frequency Techniques 
In resonant frequency testing, the test sample is vibrated and its torsional and flexural 
natural resonant frequencies are measured. The elastic properties are calculated from the 
natural resonant frequencies using relationships given by Spinner and Tefft [4]: 
(3) 
(4) 
where E is the Young's modulus, G is the shear modulus, Tl, R and Bn are constants 
dependent upon the shape and size of the sample, p is the density, t is the thickness, L is the 
length, and ff and ft are the resonant frequencies in flexure and torsion respectively. Three 
excitation techniques which were used in the determination of resonant frequencies are 
presented in the following paragraphs. Detailed descriptions of resonant frequency 
techniques are reported elsewhere [5]. The elastic properties were determined in accordance 
to ASTM C1198 [6]. 
Sine Wave Excitation: The sample was excited using sinusoidal excitation in a free-
free beam set-up to measure the fundamental flexural and torsional resonant frequencies. The 
specific resonant modes was determined from the Lissajou patterns. 
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Random Signal Excitation: This method is similar to the fIrst except that random 
signal (white noise) excitation was used to excite the test sample. Fast Fourier 
Transformation (FFT) techniques were used to identify the fundamental modes. 
Impulse Excitation: In this technique the GRINOOSONIC instrument was used to 
extract the fundamental frequencies by analyzing the transient vibrations of the specimen after 
it had been tapped lightly on the surface. 
Ultrasonic Velocity Techniques 
Ultrasonic velocity techniques utilize two normal modes of wave propagation. By 
measuring velocities of longitudinal and shear waves through the material, the elastic 
properties can be determined using the following relationships for isotropic media. If V L and 
Vs are the velocities oflongitudinal and shear waves respectively, then: 
Shear Modulus: G=pV/ (5) 
V,2-2V,2 
v= L S (6) 
Poisson's Ratio: 2(VL2 - V/) 
Young's Modulus: E =2G(I+ v) (7) 
The velocities were calculated from ultrasonic transit time measurements performed on 
samples of known thickness. Different ultrasonic techniques were utilized for transit time 
measurements to study the effect of variations in excitation, frequency, coupling and 
advanced signal processing methods on the measured transit times and hence the elastic 
moduli. The specifIc ultrasonic techniques used in this study are discussed below: 
Pulse Velocity (Wet): Conventional wet couplants were used to compare the results 
of this technique with those obtained with dry coupling transducers. Negative spike 
excitation was used with 2.25 MHz longitudinal and shear transducers in a pulse-echo set-up 
(Physical Acoustics Ultrapac II) . Transit times were measured using a LeCroy 9414 Digital 
Oscilloscope. Propylene glycol was used for coupling longitudinal waves. A thicker, more 
viscous couplant (stabilized molasses) was used for coupling shear waves. 
Pulse Velocity (Dry): P/M materials inherently contain porosity. Porosity is 
normally expressed as a percentage of theoretical density of the parent material and can vary 
typically from less than 1% (as in the case of hot isostatically pressed or powder forged 
materials) to as high as 30% in green (unsintered) compacts. Wet couplants often pose a 
problem in the ultrasonic testing of porous materials. The liquid couplant could be absorbed 
by the sample and potentially alter the elastic properties of the media leading to erroneous 
results [7] In order to evaluate this effect, dry coupling longitudinal (2 and 5 MHz) and shear 
(5 MHz) transducers were used. A HF400PG PulserlReceiver and a Tektronix 2445A 
Oscilloscope were used in a direct transmission set-up to measure transit times. 
Tone burst Excitation (Wet): P/M materials are typically very acoustically 
attentuative. A tone-burst pulse, which is comprised of multiple cycles of a sound wave 
tuned to the exact resonant frequency of the transducer, result in much higher percentages of 
sound energy being transferred to the material and provide larger signals for analysis. Such 
excitation techniques were used with the Matec instruments Digital Signal Processing system 
using single pulse demodulation to perform high resolution time of flight measurements in a 
pulse-echo configuration using wet couplants. 
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TEST SAMPLES 
The test samples were ferrous alloys (Iron-Nickel and Iron-Copper) commercially 
pressed and sintered in the form of rectangular bars with nominal densities varying from 
6.27 to 7.41 gm/cc [5]. 10 x 10 x 75mm samples were used for the ultrasonic and impulse 
excitation technique. Thinner bars, 3 x 10 x 75mm were found to be more suitable for free-
free beam resonant frequency testing. Densities were measured using the oil-impregnation 
technique (MPIF Standard 42) and the measurement precision was 0.7%. 
RESULTS AND DISCUSSION 
Effect of Density on Elastic PrQperties and Comparison with Static Testing Results 
Figures 1 and 2 show the variation of Young's modulus and shear modulus 
determined by various techniques as a function of density. There is good agreement between 
the various dynamic techniques of measurement; the precision in the individual measurement 
techniques less than 1 % .. A comparison of these nondestructive testing results and the 
mechanical testing data (MPIF Std. 35) for Young's modulus also reveal good agreement. 
The data show that the elastic moduli in powder metal materials are a strong function of the 
density and hence the porosity in the material. This is in agreement with the observations of 
other researchers in this area [8-12]. Poisson's ratio as a function of density is plotted in 
Figure 3. However, there is not enough data to make any conclusions on variation of 
Poisson's ratio with density. 
Effect of Powder Type on Elastic Properties 
As shown in Figure 4, for ferrous powder metal alloys, different correlations were 
observed for samples with density less than 6.5 gm/cc (utilizing sponge iron powders) when 
compared with the higher density samples (utilizing atomized powders). This effect is 
believed be caused by differences in the pore structure arising from differences in the 
morphological behavior of the powder particles during compaction [13]. 
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Figure 1. Young's modulus measured by dynamic techniques as a function of density. 
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Figure 2. Shear modulus measured by dynamic techniques as a function of density. 
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Figure 3. Poisson's ratio as a function of density. 
Anisot:!'OJlY in Pro.perties 
Resonant frequency techniques (impulse excitation) revealed some amount of 
anisotropy in the samples. In each sample the Young's modulus was found be 1-2% higher 
in the pressing direction than in the transverse directions (Figure 5). This is significant 
because the average percentage errors in the Young's modulus determined using impulse 
excitation was only 0.004%. This anisotropy is believed to be caused by orientation, shape 
and distribution of pores resulting from the processing conditions. 
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Figure 4. Effect of powder type on elastic properties. 
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Figure 5. Anisotropy detected by impulse excitation technique. 
Ultrasonic velocity techniques were also used to investigate the presence of 
anisotropy. Longitudinal wave velocity measured in the pressing and the transverse 
directions is shown in Figure 6. The velocity in the pressing direction was higher than that in 
the transverse direction revealing the presence of mild anisotropy. Velocities of shear waves 
with particle displacements (polarization) in two mutually perpendicular directions 
propagating in the pressing and the transverse directions are shown in Figure 7. For 
propagation in the pressing direction, the two shear velocities are almost equal. Whereas, for 
propagation in the transverse direction, the two shear waves travel with significantly different 
velocities. This leads to the hypothesis that there are variations in the pore structure in the 
material. The material is, however, transversely isotropic, i.e., isotropic about the pressing 
direction. 
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Figure 6. 
3100 
3000 
CIl 
-
2900 e 
= .. 
~ 2800 
.... 
. ~ 
Q 
"qj 2700 
> 
2800 
2500 
Figure 7. 
Density in gm/cc 
o 
" 
7.3 7.5 
o Pressing 
" Tranverse 
Ultrasonic longitudinal velocity in pressing and transverse directions. 
0 Pressing (0) 
I . Pressing (90) 
" 
Transverse (0) 
• Transverse (90) 
: 
• 
6.5 6.7 6.9 7.1 7.3 7.5 
Density in gm/cc 
Ultrasonic shear velocity in pressing and transverse directions. 
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Potential for Sensin!: and Process Control 
These techniques show immense potential for real-time sensing of powder 
consolidation and in the implementation of Intelligent Processing of Materials (IPM) control 
concepts to powder processing [14] . Ultrasonic techniques have been shown to be effective 
in sensing porosity, pore shape and orientation during consolidation processing [1,15]. 
Another potential application for these techniques is the determination of the degree of 
sintering. During the sintering the pore structure changes, ultrasonic techniques and resonant 
frequency techniques could sense this change in the pore structure (anisotropy) and this use it 
as an indirect method of determining the sintering condition. These techniques, when 
implemented in real-time during consolidation processing (through the use of suitable high 
temperature transduction methods such as EMATs or laser generated ultrasound) would be of 
tremendous benefit in process and quality control applications. 
SUMMARY 
Various techniques of dynamic elastic moduli determination were in excellent 
agreement with each other. Measurement precision for the individual techniques was less 
than 1 %.The dynamic elastic moduli showed good agreement with the statically determined 
values for iron-nickel alloys. Elastic properties of powder metal alloys were found to be a 
strong function of density and powder type. Mild anisotropy was detected in the samples, the 
properties in the pressing direction being different from the transverse directions. Ultrasonic 
and resonant frequency techniques show promise in the quantitative determination of 
anisotropy, porosity, pore shape and orientation. These techniques when implemented in 
real-time, could be used to sense and control porosity, degree of sintering and microstructure 
during powder consolidation processes. 
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